We investigated the timing of and age at mortality in Columbian ground squirrels (Spermophilus columbianus) in relation to sex and reproductive status. Life-history data were collected from 1994 to 1999 in the foothills of the Rocky Mountains, Alberta, Canada. We predicted increased mortality for males during mating and for females during lactation. Further, we expected reproductively successful females to have higher mortality than females that did not reproduce successfully. Finally we assumed that at some age reproductive success of females would decrease and mortality increase because of old age. For both sexes, survival over winter was high (ca. 90%) for adults. While there was a significant increase in mortality of adult males during the mating season, females did not have higher mortality during lactation than during the rest of the active season. Reproductive status influenced mortality in females: non-reproducing females had a higher chance of surviving than reproducing females. Females that weaned young were more likely to die after the weaning period than females that lost their litter during lactation. There was a positive correlation between maternal survival and survival of offspring to yearling age. Our results showed evidence of trade-offs between reproduction and survival of male and female Columbian ground squirrels.
Introduction
Causes of mortality in mammals are manifold. While a high percentage of individuals die as subadults, never reaching reproductive maturity, reasons for mortality of adults can be diverse. In many species, a high number of animals die because of predation, but starvation due to unfavorable environmental conditions or due to investment in reproduction and old age might be other important factors.
In Columbian ground squirrels (Spermophilus columbianus), a hibernating rodent, mortality in the first year is higher than in older individuals (Boag and Murie 1981; Zammuto 1987) , and it is higher in males than in females in all age-classes (Boag and Murie 1981; Festa-Bianchet and King 1984) . These differences are not only due to the male-biased dispersal (Boag and Murie 1981; Festa-Bianchet and King 1984) but might also reflect high reproductive costs during the mating season (Neuhaus et al. 1999) . In Richardson's ground squirrels (Spermophilus richardsonii), adult mortality was higher in males than in females during the mating season, active season, and the whole year (Michener and Locklear 1990; Michener 1998) . Trade-offs between predation risk and foraging have been shown to exist in Belding's ground squirrels (Spermophilus beldingi), where well-fed animals showed more vigilance than deprived individuals (Bachman 1993) . Lactating female hoary marmots (Marmota caligata) and Columbian ground squirrels fed farther from escape burrows and showed less vigilance than nonlactating females, presumably because of higher energy needs (Barash 1980; MacWhirter 1991) . This likely leads to higher mortality through predation as well as the lower survival rate resulting from an inferior body condition. Hence, even when predation is the proximate cause of mortality, energy requirements might be the ultimate influence because animals that require more food may take extra risks.
In Richardson's ground squirrels, males gain access to estrous females by chasing and fighting with other males, leading to mass loss during the mating season, which explains the high male mortality during this period (Michener 1984 (Michener , 1998 Michener and McLean 1996) . A similar pattern is evident in Columbian ground squirrels, where males do not gain mass during the mating season whereas females do gain mass (Murie and Harris 1978; Boag and Murie 1981) . If weather conditions are unfavorable during the energetically demanding mating season, mortality increases in both sexes with a higher increase in males than in females (Neuhaus et al. 1999) . Other environmental influences such as weather patterns, snow cover, or snowmelt also have a profound influence on life history . Food resources have a large influence on litter size, juvenile survival, and body mass (Dobson and Kjelgaard 1985) .
As shown for Richardson's ground squirrels, energy requirements differ greatly between males and females; males have their greatest energy demands during mating. Females on the other hand invest most energy directly into their offspring during gestation and lactation (Michener 1998) . In various mammals, lactation is the most costly part of female reproduction (König et al. 1988; Clutton-Brock et al. 1989; Atramenotowicz 1992) . While animals are expected to optimize their lifetime reproductive success, the energy expended during reproduction likely leads to an increased risk of mortality (Saino et al. 1999) due to predation and depletion of fat reserves. Whereas younger animals might appear to take future reproduction into account, older animals are likely to suffer greater risks to ensure that their current offsprings have a good chance to survive and reproduce (Williams 1966; Stearns 1976) . These assumptions lead to tradeoffs associated with parent-offspring conflict in younger animals (Williams 1966; Trivers 1974) .
In Columbian ground squirrels, no reproductive costs have been shown so far for males, and some studies yielded no evidence of reproductive costs in females Hare and Murie 1992) . More recent studies, however, have documented such costs (Neuhaus 2000a (Neuhaus , 2000b . Impact of feeding behavior (Ritchie 1990) , food quantity (Dobson and Kjelgaard 1985) , weather patterns and year effects Neuhaus et al. 1999) , or body condition (Murie and Boag 1984) have been shown to have a profound influence on life history and survival in Columbian ground squirrels. However little is known about when during the yearly cycle animals die. In this paper our goal was to look at the timing of mortality in relation to reproduction and hibernation, comparing different age and sex classes.
Because it is rare to observe directly the cause of mortality in wild animals, we inferred causes of mortality by looking at age, sex, and reproductive status of individuals at the date of disappearance from a ground squirrel colony in southwestern Alberta. Because of sexual differences in timing of reproductive investment, we predicted that mortality would be highest during and shortly after the mating season for males and during lactation for females. Furthermore, we predicted mortality would be higher for reproductively successful females than for unsuccessful females during the postweaning and hibernation periods. Such mortality might be associated with poor body condition due to high investment in reproduction or with delayed preparation for hibernation in reproductively successful females. Because younger females reflect selection favoring their reproductive success, we expected that reproductive success would increase with age, concurrent with increase in mortality caused by increased reproductive costs. As age increases above some threshold, we predicted that animals would show an increase in mortality and a drop in reproductive success due to senescence (Promislow 1991) 
Methods
A colony of Columbian ground squirrels was studied in the Sheep River Wildlife Sanctuary, Alberta, Canada (110°W, 50°N), from April 1994 to May 1999. Between 120 and 250 ground squirrels (excluding juveniles) inhabited the subalpine meadow of ca. 2.5 ha at an elevation of ca.1500 m. The colony was established in 1984 (Wiggett and Boag 1986 ) and studied since then, except in 1991 (Stevens 1997) , so the age of all squirrels present in the colony was known. Columbian ground squirrels have a short active season of less than 4 months followed by more than 8 months of hibernation . In all years research started at the beginning of April and ended near the end of August after all individuals started hibernation. Males are the first to emerge from hibernation in spring followed by females, while sexually inactive animals are the last to emerge (Murie and Harris 1982) . Females mate within 4 days after emergence from hibernation (Murie and Harris 1982; Murie 1995) . Twenty-four days after mating, females give birth in a burrow to 1-7 young (yearly means in our study were between 3 and 4); 27 days after birth the young emerge above ground for the first time and start to feed on vegetation (Murie and Harris 1982) . Females cease lactation soon after and prepare for hibernation by molting and accumulating fat reserves (Neuhaus 2000b) .
All individuals in the colony were marked with a numbered fingerling fish tag in each ear and with a unique mark painted with black hair dye (Clairol, No. 124 natural blue black, type 3 permanent) on their back for identification from a distance. All ground squirrels were trapped once weekly using National and Tomahawk live traps baited with peanut butter. When an animal was caught, its mass was taken and its reproductive status determined by examining for swelling of the vulva and nipples in females and pigmentation of the scrotum in males (Murie and Harris 1982) . Trapping, together with regular scanning of the whole meadow (3-7 days a week) from wooden stands that were 2-3 m high, helped to establish the day of disappearance of individuals. Since dispersal from one colony to another of males older than 2 years and females older than 1 year is extremely rare (Festa-Bianchet and King 1984) and was never observed during this study, we assumed that adult animals that disappeared from the colony were dead. Disappearance of animals between the age of 1 and 2, however, does reflect a combination of mortality and dispersal.
Because we observed early hibernation during the second half of July, animals disappearing from the population after 16 July and not reemerging the following spring were considered to have died during hibernation. For males, we considered the day when the last female mated as the end of the reproductive season. For females, we were able to establish their reproductive cycle individually by adding 24 days to the date of mating for gestation and another 27 days for lactation. The date of mating (±1 day) was known from observations and trapping during the mating season. Hence we were able to determine when females disappeared in relation to their reproductive status.
To compare female versus male mortality rates, we split the year into three parts. The first part was from emergence to 15 May, which incorporates emergence and mating, the second from 16 May to 9 July, which is part of gestation to the end of lactation in females, and the third from 10 July (when all juveniles had emerged) to the following spring, combining the postweaning and hibernation periods.
To analyze sexual differences in mortality we used χ 2 tests. Because 2-year-old females mated (P. Neuhaus and N. Pelletier; unpublished observations), they were included in the analyses. Males were only included as ≥3-year-olds, since they rarely mate as 2-year-olds in this area. Mortality of females of different reproductive status (lactating or not, weaned young or not) was also compared using χ 2 analyses. To test sexual differences in date of disappearance we used Mann-Whitney U tests (SPSS statistical package; Norusis 1994). For analyzing differences in mortality between active seasons and hibernation we used a G test, correcting for the length of each season in days (Sokal and Rohlf 1995) . Since we wanted to look at when animals died, some surviving individuals were used in the statistics more than once over the course of the study. However, each individual was counted only once a year.
Results
There was no difference in the total numbers of male and female offspring (164 males, 162 females for 1994-1997 combined) or in survival of young to yearling age (60 males and 60 females). More males than females, however, disappeared (for yearlings this includes mortality and dispersal for both sexes) from yearling age to the next spring (Pearson's χ 2 = 11.16, P < 0.001; Table 1 ). In total, 144 adult animals died in the 5 years of our study, while 385 (cumulative) adults survived to the following spring (73% survival).
In reproductively active animals (all females ≥2 years old and all males ≥3 years old), males were more likely to die than females (33.6 vs. 24.9%; Pearson's χ 2 = 3.98, P < 0.05; Table 1 ). Mortality in females started to increase at 8 years of age and was significantly higher between older (>8 years) and younger females (2-7 years; Pearson's χ 2 = 10.76, P < 0.001; Table 1 ). We observed no difference in reproductive success between older females and females 3-7 years old (45.5 and 45.9%, respectively, weaned young; Pearson's χ 2 = 0.002, P = 0.96). Two-year-old females were less likely to wean young than older females (21.6 and 45.8%, respectively; Pearson's χ 2 = 14.47, P < 0.001). The mortality of 2-year-old females, however, was not significantly different from the mortality of older females (18.9 and 26.3%, respectively; Pearson's χ 2 = 1.74, P = 0.19). In males, mortality started to increase at 5 years of age; 3-and 4-year-olds were more likely to survive than older males (Pearson's χ 2 = 4.73, P = 0.03; Table 1 ). The mean age of females was greater than that of males for all Columbian ground squirrels excluding juveniles, as well as for animals ≥3 years old, after the age of dispersal (3.6 vs. 2.5 years, respectively, U test, Z = -7.02, P < 0.001; 4.9 vs. 4.3 years, respectively, U test, Z = -3.31, P < 0.001).
Male survival was much lower than female survival during mating but not during the subsequent two portions of the year ( Table 2 ). Males that died during the active season disappeared, on average, on 26 May, whereas females disappeared on 7 June, which was significantly later (U test, Z = -2.7, P = 0.007). There was also a significant difference between dates of disappearance for 2-year-old females, disappearing on average on 17 May, and older females, whereas 2-year-old females were not different from adult males (females, U test, Z = -2.77, P = 0.006; femalesmales, U test, Z = -0.45, P = 0.66). Female and male survival were very high during hibernation compared with mating or prehibernation (females, G test, G adj. = 129.7, P < 0.001; males, G test, G adj. = 99.66, P < 0.001; Note: Numbers in parentheses are sample sizes. Females were first reproductively active as 2-year-olds and males as 3-year-olds.
a Males ≥6 years old were pooled because of the small sample size.
b Females ≥9 years old were pooled because of the small sample size. (females, G test, G adj. = 10.5, P < 0.01; males, G test, G adj. = 6.3, P < 0.025).
In females ≥2 years old, mortality between 10 June (at which time all females that conceived were lactating) and emergence the following year was significantly higher in lactating than in nonlactating females ( Table 4 ). Females that weaned young were more likely to die than females that were lactating but did not wean young (Table 4) . However, females weaning at least 1 young surviving to yearling age were more likely to survive than females weaning young that did not survive to yearling age (Table 4) .
Discussion
The objective of this study was to examine the effects of age, sex, time of the year, and reproductive status on mortality in Columbian ground squirrels. Overall, males were more likely to die than females and mortality increased in males at a younger age than in females. We did not observe any bias in sex ratio at emergence of the young or in survival to yearling age. Low survival of young to yearling age has been shown previously in Columbian ground squirrels Zammuto 1987) . The much higher male disappearance between emergence from their first and second hibernation is likely due to the male-biased dispersal found in Columbian ground squirrels (Boag and Murie 1981; Festa-Bianchet and King 1984; Wiggett and Boag 1993) rather than to mortality per se. A tendency for males to die younger than females has been shown in Richardson's and Belding's ground squirrels and black-tailed prairie dogs (Cynomys ludovicianus) (Sherman and Morton 1984; Michener and Locklear 1990; Hoogland 1995) . In our study, however, male Columbian ground squirrels after the age of dispersal do not have higher mortality than females up to the age of 4 (Table 1) . Besides male-biased dispersal, another main factor leading to males being on average younger than females is that mortality in males increases at the age of 5, whereas mortality of females does not increase until they are 8 years old.
In our study, mortality of adult ground squirrels was low during hibernation for both sexes, whereas it was relatively high in males during the mating season. This result is consistent with that in Richardson's ground squirrels, for which mortality during hibernation was low and similar in both sexes (Michener and Locklear 1990 ). We did not, however, find increased mortality in females during lactation compared with mating and gestation as we predicted. This might be because during lactation the nutritional content of the vegetation in our study area was usually highest (Bennett 1997) , day length was longer, and temperatures were mild. Hence, the animals can compensate for the energetic costs arising from lactation.
Another reason for high survival of lactating females might be abortion or abandonment of the litter when costs are too high, thereby trading off current reproduction for future reproduction (Neuhaus et al. 1999) . Lower female mortality during post weaning than during lactation or mating and gestation could be due to decreased energetic costs once lactation ceases or to decreased predation pressure because of increased dilution (more available prey) once young emerge above ground. Average date of female disappearance was later during the active season than for males, likely because of increased male mortality during mating. The earlier disappearance of 2-year-old females versus older females is more difficult to interpret. Perhaps this reflects low reproductive effort by 2-year-old females, resulting in low reproductive success. Further, low reproductive success may lead to relatively low mortality during the second half of the active season. There was an overall trend toward lower mortality in 2-year-old females than in older females, which supports this assumption. This is not surprising because 2-year-old females are still growing (Boag and Murie 1981; Dobson 1992) and successful reproduction might have a stronger effect on the mother's survival and future reproductive success than in full-grown females. However, Murie and Dobson (1987) found that there was a tendency towards a shorter life-span but higher lifetime reproductive success in females reproducing at a very young age in other populations of Columbian ground squirrels.
Lactating females exhibited lower survival than females who did not give birth. This difference continued through the lactation, postweaning, and hibernation periods. Females who were lactating but lost their litter before weaning had a better chance of surviving to the following spring than successfully reproducing females. This result suggests that the loss of the litter might increase chances of female survival, and could well be favored by natural selection, if low body condition or poor environmental situations (for example, weather; Neuhaus et al. 1999) lead to a high risk of mortality. A striking result was the better survivorship of females weaning young that survived to yearling age compared with females whose young did not reemerge the following spring. The reason for this might be that females in better condition not only survived better but also produced better offspring. Although "increasing returns" (Dobson et al. 1999) could explain this result, it could also be interpreted by the timing of the active season: offspring of late-breeding females have a lower chance of survival to yearling age, and mothers have less time to prepare properly for hibernation (Neuhaus 2000b) , leading to higher mortality and less reproductive success. This is likely caused by early-reproducing females being heavier than late-breeding females (Neuhaus 2000b life history of Columbian ground squirrels, affecting reproductive success and survival (Murie and Boag 1984; Dobson and Kjelgaard 1985) . Females therefore did not increase survival of their young by decreasing their own chance of survival, as is shown in the barn swallow, Hirundo rustica (Saino et al. 1999) ; rather the better recruitment of their offspring is positively correlated with their own survival when their body condition is good.
We expected that older females would bear a higher risk of mortality associated with reproduction than younger females. Only 2-year-olds showed reduced reproductive success, which could be interpreted as an investment into their own survival and future reproductive success. This could, however, also be caused by the fact that 2-year-old females are still growing, limiting their ability to reproduce successfully (Boag and Murie 1981; Dobson 1992) . Survival of younger females, contrary to what we had expected, was not higher than the survival of older females, except for females ≥8 years old. However, there was no reduction in reproductive success in older females, although one could speculate that the increase in mortality in older females, linked to a relatively high reproductive output, is caused by the high investment of females despite decreasing body condition due to senescence. Such speculations require further research.
While the literature shows that mortality is influenced by body condition (Dobson and Kjelgaard 1985) , weather patterns, and year effects Neuhaus et al. 1999) , this study shows interactions between age, sex, reproductive status, and mortality. We conclude that mortality in male and female Columbian ground squirrels increases with age, likely owing to senescence and to costs associated with reproduction. Mortality of both sexes was low during hibernation and high during the active season, when reproduction takes place and predation is more likely. The reason for this seasonal difference might be that there are fewer factors that affect survival during hibernation than during the active season, when environmental influences are plentiful. Increased male mortality during the mating season shows that reproduction can be costly, for males especially, when environmental conditions are harsh (Neuhaus et al. 1999) . Survival in females was lowest in successfully reproducing females and highest in females that did not give birth. Mortality in females can therefore be directly linked to their investment during lactation. The fact that mothers of young surviving to yearling age did survive better than mothers of young that did not survive to yearling age indicates that female body condition not only increased their reproductive success but also positively affected their own survival.
Observations of the Columbian ground squirrel population show that age and reproductive expenditure are important factors leading to mortality. Note: Females were chosen to be lactating or not when they disappeared for more than 24 days after mating. To test if weaning success had an influence on mortality, only females that lived at least to 51 days after mating were analyzed. Table 4 . Percent survival of female Columbian ground squirrels to the next spring depending on their reproductive status and reproductive success.
